Calculations of the electronic states of donor and acceptor impurities in nanowires show that the ionization energy of the impurities is strongly enhanced with respect to the bulk, above all when the wires are embedded in a material with a low dielectric constant. In free-standing nanowires with diameter below 10 nm, the ionization of the impurities at 300 K is strongly reduced and heavy doping is necessary to obtain conductive systems. These results imply that the critical density for metal-nonmetal transitions is not the same as in the bulk. Experiments are proposed to test the predictions.
I. INTRODUCTION
Recent breakthroughs in the growth of semiconductor nanowires ͑SNW's͒ have opened up great opportunities for nanoscale device applications, [1] [2] [3] [4] increasing the interest in new one-dimensional ͑1D͒ nanostructures whose properties may differ from those of carbon nanotubes. One main advantage of SNW's with respect to carbon nanotubes is that they remain semiconducting independent of their diameter and orientation, giving the ability to control their properties by doping. 5 The availability of both n-and p-type semiconductor components is also important for the realization of nanowire-based electronics. 1, 6 Therefore a large number of experimental works have addressed the problem of doping [6] [7] [8] [9] [10] and of its modulation 5, 11 in SNW's. While there is no doubt that p-and n-type SNW's can be produced, the question of how their electrical conductivity depends on the doping level remains largely open. Most of the works showing good transport properties concern SNW's doped with high impurity concentration, near or above the Mott density corresponding to the metal-nonmetal transition in the bulk semiconductor. [7] [8] [9] 12, 13 Otherwise, there are indications that the conductivity of the SNW's is extremely low. 7 Thus the problem of the doping efficiency must be investigated for SNW's. In a recent paper, Fernández-Serra et al. 14 have shown that the impurities become electrically inactive after segregation at the surface of the SNW's. Here we consider the electronic structures of impurities located in the core of the SNW's. In bulk semiconductors, donor and acceptor impurities have been extensively investigated within the envelope function approach, 15 leading to the following qualitative picture. The Coulomb potential of the impurity nucleus gives rise to bound states in the energy gap. But in conventional semiconductors, this potential is strongly screened ͑dielectric constant ⑀ Ϸ 10− 20͒, the Bohr radius is large ͑Ϸ1-5 nm͒, and the ionization energy is only of a few hundredths of an electron volt so that the impurities are ionized at room temperature.
In this paper, we show that this simple picture often breaks down in SNW's because the ionization energy of the impurities is greatly enhanced. It is already well known that, when the thickness of a wire becomes of the order of the impurity Bohr radius, the ionization energy increases due to the quantum confinement ͑it even tends to infinity in the strictly 1D limit͒. 16, 17 But experimentally, wire diameters are mostly in the 10-nm range and thus the quantum confinement effect is weak. Nevertheless, we still predict that the ionization energy is enhanced due to the so-called dielectric confinement. 18 This effect occurs when there is an important dielectric mismatch between the wire and its surroundings, which is often the case experimentally. In that case, we obtain that the doping efficiency of the impurities at room temperature is considerably reduced for SNW diameters below 10 nm. Then it is necessary to use heavy doping to obtain good electrical properties.
II. METHODOLOGY
We calculate the electronic states of dopants in Si nanowires ͑SiNW's͒ using periodic boundary conditions along the nanowire axis. The length of the 1D supercell, which contains one dopant, is adjusted so that the dispersion of the impurity band is below 0.1 meV. The supercell actually contains up to 1.3ϫ 10 5 atoms due to the large Bohr radius of the impurities. To deal with this complex problem, we use the tight binding ͑TB͒ method because it allows the study of shallow impurities in bulk semiconductors, as shown recently by Martins et al., 19 and because it is very well adapted to semiconductor nanostructures, 18 including SNW's. 20 The TB Hamiltonian is written as
where H 0 is the Hamiltonian of the perfect wire in which all the dangling bonds at the surface are saturated by hydrogen atoms. 20 We use here the sp . Spin-orbit coupling is included. The term U imp = ±V͑r , r 0 ͒ in Eq. ͑1͒ describes the potential induced by the impurity located at r 0 . Here V͑r , rЈ͒ is the energy of a charge +e at r in the electrostatic potential created by a charge +e at rЈ, and the sign ϩ ͑Ϫ͒ holds for an acceptor ͑donor͒. V is the solu-tion of the Poisson equation in which the system is represented by a cylinder of radius R and of dielectric constant ⑀ in embedded in a medium of dielectric constant ⑀ out . We use the bulk experimental value ⑀ in = 11.7. This approach is fully justified when R տ 2 nm. 18, 23 Details of the TB method and of the calculation of V are given in Ref. 20. Screening properties are drastically different in 1D and in 3D. In a bulk semiconductor ͑3D͒, the screening of a nucleus charge +e leaves a total charge +e / ⑀ in at the impurity site, the remaining charge +e͑1−1/⑀ in ͒ being repelled at infinity. Thus the bulk potential is V b ͑r , r 0 ͒ = e 2 / ͓⑀ in ͉r − r 0 ͉͔. In a SNW ͑1D͒, the charge +e͑1−1/⑀ in ͒ is repelled at the surface of the nanowire, in the vicinity of the impurity, which leads to an extra term in the potential, V = V b + V s . Physically, V s is at the origin of the so-called image force in the case of planar interfaces. 18 The total charge seen far from the impurity ͉͑r − r 0 ͉ ӷ R͒ is +e, and thus the potential is asymptotically unscreened ͑V Ϸ e 2 / ͉r − r 0 ͉͒. The treatment of U imp ͑or V͒ in TB is straightforward. As a slowly variable potential, it only appears in the diagonal of the Hamiltonian matrix. 18 At the impurity site, we write V b ͑r 0 , r 0 ͒ = V 0 where V 0 is a parameter describing central cell effects characteristic of the impurity. 15 According to Ref. 19 , we determine the value of V 0 so that the ionization energy of the impurity is in good agreement with the experimental value in the bulk situation. We calculate an effective Bohr radius as r B = ͱ͉͗r−r 0 ͉ 2 ͘ where the average is taken over the impurity state. We obtain in the bulk r B = 2.69 nm for P, 2.21 nm for As, and 3.18 nm for Sb.
The last term ⌺ in the TB Hamiltonian ͓Eq. ͑1͔͒ is the self-energy potential which represents the interaction between the carrier ͑electron or hole͒ and the surface polarization charges which are induced by its own presence. As discussed in Refs. 18, 20, and 24, it can be written as ⌺͑r͒ = ± 1 2 V s ͑r , r͒ ͑ϩ for an electron, Ϫ for a hole͒. The factor 1 / 2 follows from the adiabatic building of the charge distribution. 18 This description of the quasiparticle spectrum of nanostructures is justified by GW calculations on SiNWs ͑Ref. 25͒ and on Si nanocrystals. 26 For a free electron in the lowest conduction state ͉͘ of a SNW, the main effect of ⌺ is a rigid upward shift of its energy ͑the so-called self-energy correction͒ with respect to the single-particle energy of the TB Hamiltonian H 0 . This shift ͗⌺͘ is equal to ͉͗V s ͑r , r͉͒͘ / 2 where 20
in which F is a function given in Ref. 20 .
III. RESULTS AND DISCUSSIONS
We present in Fig. 1 the ionization energy E I of donor impurities located at the center of free-standing ͗100͘-oriented SiNW's ͑⑀ out =1͒. E I is given by the difference between the band edge of the perfect wire and the lowestenergy state of the impurity. There is some dependence of the results on the nature of the impurity ͑chemical effects͒ but the overall behavior is the same for P, As, and Sb. High values of E I are predicted, even for large SiNW's ͑R Ͼ 5 nm͒ in which the effect of quantum confinement is weak. In particular, the enhancement of E I is much larger than the shift of the conduction band edge due to quantum confinement ͑dashed line in Fig. 1͒ . This is due to the interaction ͓ϰ the image charge potential V s ͑r , r 0 ͔͒ between the electron and the surface polarization charge +e͑1−1/⑀ in ͒ induced by the impurity nucleus.
To prove this interpretation, we can estimate the contributions of U imp and ⌺ to the variation of E I with respect to the bulk value E I 0 . The contribution of the image charge potential in U imp is ͗ imp ͉V s ͑r , r 0 ͉͒ imp ͘, where ͉ imp ͘ is the bound state. V s ͑r , r 0 ͒ is slowly varying if ͉r − r 0 ͉ Ӷ R and ͉r 0 ͉ Ӷ R. In the limit of thick wires ͑r B Ӷ R͒, we can therefore replace r 0 by r. Moreover, as shown in Ref. 20 , V s ͑r , r͒ is almost constant in the region where both imp ͑r͒ and the free electron wave function ͑r͒ have non-negligible amplitudes. Thus, we can write ͗ imp ͉V s ͑r , r 0 ͉͒ imp ͘ Ϸ͗ imp ͉V s ͑r , r͉͒ imp ͘Ϸ͉͗V s ͑r , r͉͒͘. The self-energy corrections to ͉͘ and ͉ imp ͘ are, moreover, almost the same, so that their contributions cancel in the ionization energy ͑the electron probes almost the same self-energy potential when it is bound or free͒. Thus we deduce from Eq. ͑2͒ that Figure 1 shows that E I deduced from Eq. ͑3͒ is close to the TB results which allows one to conclude that dielectric effects have a huge influence on the ionization energy of impurities in SiNW's. Using E I and the density of states in SiNW's, 20 we estimate that the doping efficiency ͑probability of ionization͒ at 300 K of a P impurity at the center of a SiNW is below 50% for R Ͻ 9 nm, below 10% for R Ͻ 4 nm, and below 0.1% for R Ͻ 2 nm ͑Fig. 1͒.
Equation ͑3͒ is only valid when R ӷ r B ; otherwise, quantum confinement cannot be neglected. To evaluate its effects, we have calculated the ionization energy when ⑀ out = ⑀ in -i.e., FIG. 1. Ionization energy E I versus the wire radius R for donor impurities ͑P=+, As=ϫ, Sb=b͒ located along the axis of a freestanding SiNW ͑⑀ out =1͒. The bulk values E I 0 are equal to 45 meV for P, 54 meV for As, and 39 meV for Sb. The solid curve represents Eq. ͑3͒ for a P impurity. Dashed line: shift of the conduction band edge due to quantum confinement. Doping efficiency ͑ࡗ͒: probability of ionization towards the conduction band for a P impurity ͑300 K͒.
without dielectric confinement ͑V s =0͒. We obtain that E I is also enhanced but to lesser extent ͑Fig. 2͒. E I − E I 0 is now smaller than the shift of the conduction band induced by the quantum confinement, and it follows a 1 / R b law ͑b Ϸ 1.4͒ instead of 1 / R in the previous situation ͓Eq. ͑3͔͒. Thus it is possible to vary considerably the ionization energy of impurities and the electrical properties in SNW's by playing on their dielectric environment 24 which could be easily tested experimentally. In particular, the ionization energy must be considerably reduced in SNW's surrounded by a metallic gate or a high-k dielectric material. Furthermore, the embedding of SNW's in solvents with an important frequency dependence of the dielectric constant could lead to very interesting phenomena as shown by Chazalviel et al. 24 The confinement has also an influence on the bound wave function ͑Fig. 3͒: its extension is reduced when decreasing R, and it is also deformed, being more elongated along the axis of the wire than in the transverse directions. The confinement effect could be probed by measuring the hyperfine structure of electron spin resonance 27 since the hyperfine splitting is proportional to the weight ͉⌿͑0͉͒ 2 of the wave function on the impurity atom. Figure 3 shows that ͉⌿͑0͉͒ 2 increases when going to small R. The enhancement of the hyperfine splitting for P impurities was observed experimentally in Si nanocrystals and was explained by the quantum confinement. 28 The importance of dielectric effects on impurities in SNW's is a general result when ⑀ in ӷ ⑀ out . Figure 4 shows that E I has a weak dependence on the impurity position in the SiNW, which is due to the flatness of the image charge potential in the wire. Similar results are obtained for acceptor impurities ͑Fig. 5͒, for ͗110͘-and ͗111͘-oriented SiNW's and for SNW's made from other semiconductors. Obviously, the conclusions of our work concern impurities which can be considered as independent. Since the extension of the wave function decreases when going to smaller wires, we could consider at first glance that the Mott density is higher in SNW's than in the bulk semiconductor. But we have to take care that in these systems Coulomb interactions decay more slowly than in bulk because they are unscreened at large distance. Therefore, the nature of the excited states, the coupling between neighbor impurity states, and the dependence of the efficiency of ionization on the impurity concentration become considerably more complex problems than in the bulk. Criteria for metal-nonmetal transition must be revised in SNW's.
IV. CONCLUSIONS
TB calculations including self-energy corrections have been performed on acceptor and donor impurities in SNW's. Their electronic structure strongly depends on the diameter of the wires and on their dielectric surrounding. In freestanding SNW's, the ionization energy can be enhanced in such a way that thermal ionization of the carriers becomes unlikely. Therefore, good electrical properties require heavy doping, beyond a critical density which must depend on the wire diameter and on its environment. These effects due to the dielectric confinement, and to a lesser extent to quantum confinement, could be probed by transport measurements and by electron spin resonance, at varying temperature, SNW radius, and doping density. The nature of the metalnonmetal transition is not the same in SNW's as in the bulk, and many-body calculations are needed to deal with the many-impurity problem.
